BACKGROUND: Asphyxia is the most common reason for newborns to fail to make a successful fetal-to-neonatal transition. There is currently a lack of data evaluating hemodynamic effects of epinephrine during neonatal cardiopulmonary resuscitation. METHODS: Twenty-four newborn piglets were exposed to asphyxia. Thereafter, positive pressure ventilation was commenced for 30 s, followed by chest compressions (CC). Piglets were randomized into three experimental groups: 3:1 compression:ventilation ratio; CC during sustained inflation (SI) at a rate of 90 CC per minute, or CC during SI at a rate of 120 CC per minute. Epinephrine (0.01 mg/kg per dose) was administered to a maximum of four doses. Hemodynamic parameters were measured throughout the experiment. RESULTS: Animals were divided into survivors and nonsurvivors. End-diastolic and developed pressures declined after epinephrine administration in the survivor group. dp/dt min was significantly higher in the survivor group whereas dp/ dt max showed no significant differences. Epinephrine had no effect on either heart rate or cardiac output in both groups. Ejection fraction increased after epinephrine with no significant difference between groups. CONCLUSION: Epinephrine did not affect survival rates or return of spontaneous circulation in our postnatal porcine model of neonatal asphyxia.
A sphyxia, a condition of impaired gas exchange with simultaneous hypoxia and hypercapnia leading to a mixed metabolic and respiratory acidosis, is the most common reason that newborns fail to make a successful fetal-to-neonatal transition (1, 2) . Asphyxia could result from failure of placental gas exchange before delivery, secondary to an acute blood loss (e.g., abruption placentae) or deficient pulmonary gas exchange immediately after birth (e.g., respiratory distress syndrome) (1, 2) . Asphyxia depresses myocardial function leading to cardiogenic shock, pulmonary hypertension, peripheral and mesenteric vasoconstriction and hypoperfusion, acute renal failure, and increased blood flow to central organs such as brain and myocardium. In the clinical setting, newborn infants can present with mild, moderate, or severe asphyxia. Severe asphyxia presents with bradycardia or asystole at birth. Current resuscitation guidelines recommend chest compressions (CC) if the heart rate remains o60/min despite adequate ventilation with supplementary oxygen for 30 s 3 . Further, once CC are given, a vascular access should be established for epinephrine administration 3 . Other than increasing the heart rate, heart contractility, and myocardial relaxation rate via stimulating β-receptors, epinephrine has also been shown to cause vasoconstriction of both peripheral and coronary arteries by activating α-receptors (3, 4) . However, both the effectiveness and safety for using epinephrine during resuscitation are still debatable (3) (4) (5) . There is currently a lack of data evaluating the hemodynamic effects of epinephrine during neonatal cardiopulmonary resuscitation. We aimed to examine the hemodynamic changes after epinephrine administration during neonatal chest compression by using a porcine model of neonatal asphyxia.
METHODS
Twenty-four newborn mixed breed piglets (1-4 days of age, weighing 1.7-2.3 kg) were obtained on the day of experimentation from the University Swine Research Technology Centre. All experiments were conducted in accordance with the guidelines and approval of the Animal Care and Use Committee (Health Sciences), University of Alberta and presented according to the ARRIVE guidelines (6) .
Animal Preparation
Piglets were instrumented as previously described with modifications (7, 8) . Following the induction of anesthesia using isoflurane, piglets were intubated via a tracheostomy, and pressure-controlled ventilation (Sechrist infant ventilator, model IV-100; Sechrist Industries, Anaheim, CA) was commenced at a respiratory rate of 16-20 breaths/min and pressure of 20/5 cmH 2 O. Oxygen saturation was kept within 90-100%, glucose level and hydration were maintained with an intravenous infusion of 10% dextrose at 10 ml/kg/h. During the experiment, anesthesia was maintained with intravenous propofol (5-10 mg/kg/h) and morphine (0.1 mg/kg/h). Additional doses of propofol (1-2 mg/kg) and morphine (0.05-0.1 mg/kg) were also given as needed. The piglet's body temperature was maintained at 38.5-39.5°C using an overhead warmer and a heating pad.
Hemodynamic Parameters
A 5-French Argyle (Klein-Baker Medical, San Antonio, TX) doublelumen catheter was inserted via the right external jugular vein for administration of fluids and medications. A 5-French Argyle singlelumen catheter was inserted below the right renal artery via the femoral artery for continuous arterial blood pressure monitoring in addition to arterial blood gas measurements. A Millar catheter (MPVS Ultra, ADInstruments, Houston, TX) was inserted into the left ventricle (LV) via the left common carotid artery for continuous measurement of left ventricular pressure, including composite and segmental volumes, which served as a surrogate for cardiac output. Because of the size difference between the Millar catheter and LV longitudinal axis, which poses a limitation for the accuracy of in vivo volume measurement, an alpha factor = 0.46, based on comparison between Millar's recording and direct echocardiographic measurements in three piglets, was used to correct the conductance volume. The right common carotid artery was also exposed and encircled with a real-time ultrasonic flow probe (2 mm; Transonic Systems, Ithaca, NY) to measure blood flow.
Piglets were placed in supine position and allowed to recover from surgical instrumentation until baseline hemodynamic measures were stable. Ventilator rate was adjusted to keep the partial arterial CO 2 between 35 and 45 mm Hg, as determined by periodic arterial blood gas analysis. Mean arterial pressure, heart rate, and percutaneous oxygen saturation were continuously measured and recorded throughout the experiment with a Hewlett Packard 78833B monitor (Hewlett Packard, Palo Alto, CA).
Experimental Protocol
Piglets were randomized into three experimental groups: 3:1 compression:ventilation ratio (C:V) (3:1, n = 8); CC during sustained inflation (SI) at a rate of 90 CC per minute (SI+CC90, n = 8), or CC during SI at a rate of 120 CC per minute (SI+CC120, n = 8) (7). After surgical instrumentation and stabilization, piglets were exposed to 50 min of normocapnic hypoxia. Hypoxia was followed by asphyxia until the heart rate decreased to 25% of baseline, which was achieved by disconnecting the ventilator and clamping the endotracheal tube. Ten seconds after the heart rate reached 25% of baseline, positive pressure ventilation (PPV) was commenced for 30 s with a Neopuff T-Piece (Fisher & Paykel, Auckland, New Zealand). The default settings were a peak-inflating pressure of 30 cmH 2 O, a positive end expiratory pressure of 5 cmH 2 O, and a gas flow of 8 l/min. CC were performed using the two-thumb encircling technique by a single operator (ML) in all piglets. A metronome was used to achieve the targeted CC rate. After 30 s of CC, 100% oxygen was commenced. Epinephrine (0.01 mg/kg per dose) was administered intravenously 1 min after the start of PPV, and administered every minute as needed if no increase in heart rate or return of spontaneous circulation (ROSC) was observed despite adequate ventilation and CC. Epinephrine was administered to a maximum of four doses. ROSC was defined as an unassisted heart rate ≥ 100 bpm after 15 s. After ROSC, piglets were allowed to recover for 4 h before the piglets were killed with an intravenous overdose of pentobarbital (100 mg/kg).
Data Collection and Analysis
Demographics of study piglets were recorded. Hemodynamic parameters including heart rate, mean/diastolic/systolic arterial pressure, stroke volume, cardiac output, ejection fraction, dp/dt min/max, and Tau were continuously recorded using LabChart programming software (ADInstruments, Houston, TX). A 10-s epoch of pressure-volume (P-V) loop parameters prior to hypoxia was used as the baseline. Ten-second epochs of P-V loops (i) before PPV, (ii) after the start of CC, (iii) before each dose of epinephrine (max of four doses), and (iv) after each dose of epinephrine were analyzed. Epochs during CC and epinephrine were three consequent CCs. Examples for different phases of PV loops are depicted in Figure 1 .
Data are presented as mean ± standard deviation (SD) for normally distributed continuous variables and median (interquartile range) when the distribution was skewed. Data were tested for normality and compared using one-way ANOVA, Student's t test for parametric, and Mann-Whitney U-test for nonparametric comparisons of continuous variables, as appropriate. Post hoc analysis was performed using Tukey test. P values are two sided and Po0.05 was considered statistically significant. Statistical analyses were performed with SigmaPlot (Systat Sofyware, San Jose, CA).
RESULTS
Based on the outcome of resuscitation, animals were divided into two groups: survivors who successfully achieved ROSC during resuscitation (n = 16) and nonsurvivors who did not achieve ROSC (n = 8). There were no significant differences in age, body weight, and cardiac function before hypoxia/asphyxia between these two groups ( Table 1) . During resuscitation, all nonsurvivor piglets received four doses of epinephrine, whereas only 50% of survivors received epinephrine (n = 6 with one dose, n = 1 with three doses, and n = 1 with four doses). As both the graph presentation and statistical analyses were obscured by the fourth dose of epinephrine in the survivor group, this data point was excluded.
The changes in arterial blood gases for two study groups at baseline and before resuscitation are summarized in Table 2 . There was no significant difference in any parameters between survivors and nonsurvivors at these two different time points. Figure 2 summarizes the changes in ventricular pressure during resuscitation. The ventricular pressures significantly declined from baseline to asphyxia with a similar recovery after CC for both groups (Figure 2a) . After epinephrine administration, the developed pressures declined below the baseline value in survivors (Figure 2a) . In contrast, in nonsurvivors, the developed pressure increased slightly after each dose of epinephrine and remained significantly higher throughout the resuscitation period when compared with survivors ( Figure 2a) .
As shown in Figure 2b , the pattern of changes in endsystolic pressure was similar to the developed pressure pattern, and the values of the nonsurvivor group were significantly higher than that of the survivor group after receiving epinephrine. In contrast, the end-diastolic pressures of both groups increased after hypoxia/asphyxia with a further increase after CC. The end-diastolic pressure declined after epinephrine administration in the survivor group, whereas the pressures remained higher in the nonsurvivor group (Figure 2c) . However, there was no statistically significant difference between these two groups. Figure 3 summarizes changes from normoxic baseline in dp/dt max and dp/dt min on survivors and nonsurvivors during resuscitation. The dp/dt max and dp/dt min represent the maximum and minimum rate of pressure change in the ventricle and have generally been used as an index of ventricular performance. The dp/dt max significantly decreased after hypoxia/asphyxia and increased after CC (Figure 3a) . It remained at a similar level after epinephrine administration and we observed no significant difference between both groups. The pattern of changes in dp/dt min was similar to changes in dp/dt max ( Figure 3b) . As compared with nonsurvivors, the dp/dt min of survivors was higher after CC and remained significantly higher throughout the resuscitation period. Figure 4 shows the changes in heart rate, cardiac output, ejection fraction, and tau between survivors and nonsurvivors during resuscitation. Changes in heart rate and cardiac output were similar between survivors and nonsurvivors. They decreased significantly before PPV and recovered after CC (Figures 4a and b) . Administration of epinephrine had no effect on either heart rate or cardiac output; there was no significant difference between survivors and nonsurvivors throughout the resuscitation period (Figures 4a and b) . Figure 4c shows that ejection fraction significantly declines after hypoxia/asphyxia and increased with CC. Administration of epinephrine had no effects on ejection fraction and no significant difference between survivors and nonsurvivors was observed. Isovolumic relaxation constant (Tau), represents the exponential decay of the ventricular pressure during Change in dp /dt max Change in dp /dt min Percentage changes from normoxic baseline in (a) dp/dt max and (b) dp/dt min on non-survivor (white dots) and survivor (dark dots) during and after resuscitation. Each point represents mean±SD. §Significantly different from survivor group throughout experimental period, po0.05 (2-way ANOVA).
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isovolumic relaxation and is calculated with Gantz method. Tau of survivors was higher when compared with baseline before PPV and Tau remained about the same level throughout the resuscitation period (Figure 4d) . However, the pattern of Tau in nonsurvivors was also similar and there was no significant difference between these two groups.
DISCUSSION
This is the first study to examine cardiac changes after epinephrine administration during neonatal CC in a porcine model of neonatal resuscitation using a Millar catheter. The findings of our study can be summarized as the following: (i) 50% of piglets did not require epinephrine administration for ROSC, (ii) epinephrine administration did not elicit significant chronotropic and inotropic effects, and (iii) might lower coronary perfusion pressure by decreasing diastolic function. Epinephrine has been recommended during resuscitation to aid cardiovascular recovery (9) . Its effects are dependent on the balance of each adrenergic receptor subtype, as well as its binding affinities at various conditions (10) , and currently, its receptor distribution is poorly studied in newborn infants. Our study showed that there is a significant positive effect of PPV and CC on cardiac parameters responsible for ROSC, whereas epinephrine only exhibited a minor additional effect on the outcome of hypoxic piglets. In the current study, only 50% of survivors received epinephrine for achieving ROSC. As expected, we observed a decrease of heart rate and cardiac output in survivors and nonsurvivors after hypoxia, which was followed by an increase once CC were started. Even though there was no statistical difference, both heart rate and cardiac output were slightly higher within the survivor group (Figure 4) . Administration of epinephrine caused a slight increase in ejection fraction (Figure 4) , however, it did not further increase heart rate or cardiac output. We believe that acidosis might have aided in the ineffectiveness of epinephrine in improving ROSC (11) . Our finding is similar to a study by Linner et al. (12) , who also reported that epinephrine did not improve ROSC in their neonatal porcine model. In contrast, Sobotka et al. (13) reported that CC alone was not enough to restore ROSC in asphyxiated newborn lambs and that epinephrine was critical for increasing heart rate, carotid arterial pressure, and cerebral blood flow. Halling et al. suggested to start with higher first doses (0.03 mg/kg) of epinephrine as they described it superior at achieving ROSC with cumulative doses (14) . This suggestion is supported by Vali et al. (15) , who showed a high ROSC success rate after one high dose (0.03 mg/kg) of intravenous epinephrine .
Vasopressin might be an alternative catecholamine for asphyxiated newborns due to its greater vasoconstrictor effect during acidosis (16) . In adults, vasopressin has been suggested to be more effective than epinephrine in asystole cardiac arrest, which is commonly the result of severe asphyxia (17) .
In a neonatal porcine model of asphyxia, McNamara et al. (16) reported significantly higher survival rates after vasopressin administration compared with epinephrine. A coronary perfusion pressure threshold of 20 mm Hg is needed to achieve ROSC and might be achieved with the combination of CC, adequate ventilation, and epinephrine administration (18) . Morgan et al. (18) compared a hemodynamic-directed chest compression technique with CC depth titrated to achieve a systolic blood pressure of 90 mm Hg, and vasopressors were only given if the coronary perfusion pressure was o20 mm Hg in asphyxiated piglets. Hemodynamic-directed CPR was associated with significantly increased coronary blood pressure, right atrial diastolic pressure, aortic diastolic pressure, and faster ROSC compared with the standard CPR. As compared with the nonsurvivor group, the dp/dt min of the survivor group remained higher throughout the resuscitation period. Administration of epinephrine did not increase dp/dt min in the nonsurvivor group. An increase in dp/dt min is associated with an increase in diastolic function during isovolumic relaxation. Therefore, the faster ROSC in the survivor group was most likely due to better diastolic function. This is further supported by the observation that epinephrine maintained higher end-diastolic pressure in our nonsurvivor group. As coronary perfusion pressure is defined as diastolic pressure minus end-diastolic pressure, higher end-diastolic pressure will result in lower coronary perfusion pressure. In our study, end-diastolic pressure declined in the survivor group. This is similar to findings by Vali et al. (15) , who reported that in their model of neonatal chest compression, epinephrine did not significantly elevate blood pressure or coronary perfusion pressure, and ROSC was achieved with low mean diastolic blood pressures (~10 mm Hg). The authors suggested that systolic blood pressures may be more predictive of ROSC as the lambs in their study achieved ROSC with low mean diastolic blood pressures (≈10 mm Hg) (15) .
Other than its ineffectiveness in improving ROSC in our present study, the use of epinephrine has also been linked to various undesired side effects. Epinephrine administration could lead to cerebral vascular injury and intraventricular hemorrhage in asphyxiated newborns due to rapid blood pressure changes because of prolonged hypertension, decreased cerebral blood flow, and tachycardia (13) . A randomized clinical trial in children reported no improvement in ROSC but increased mortality after epinephrine administration (19) . Similarly, Savani et al. (20) reported lower survival rates and higher incidence of intraventricular hemorrhage during delivery room resuscitation. This might be due to an increased susceptibility of catecholamineinduced toxicity of the neonatal myocardium compared with adults (21) . Further studies are thus required to examine the benefits and risks for using epinephrine during resuscitation.
Limitation
Our use of a piglet asphyxia model is a considerable strength of this translational study because this model closely mimics delivery room events with a gradual onset of severe asphyxia leading to bradycardia. However, several limitations should be considered: The current model is one where the piglets have already undergone fetal-to-neonatal transition and piglets are sedated/anesthetized. In addition, piglets in our model were all intubated using a tightly secured endotracheal tube to prevent any endotracheal tube leak; this is different from a clinical situation where mask ventilation may be frequently used. Of note, giving 100% oxygen after 30 s of CC and the administration of epinephrine at 60 s after CC started and continued every minute, are not in line with the current resuscitation guidelines (9, 22) . Although all piglets were resuscitated with the same protocol, they were randomized to three experimental study groups, which might have influenced the results.
Conclusion
Epinephrine did not increase survival rates or ROSC in a postnatal porcine model of neonatal asphyxia. Further studies are needed to examine the optimal vasopressor including optimal dose and route of administration during cardiopulmonary resuscitation.
